ABSTRACT: Outcrop data from the fluvial/incised valley systems of the Cretaceous Straight Cliffs Formation of southern Utah, USA, are applied to the subsurface fluvial reservoirs of the Statfjord Formation. Aspect ratios (width:thickness) for fluvial sandbodies have been measured from large-scale cliff exposures. This database provides the lateral extent, or width, of any fluvial sandbody, given the thickness for that sandbody and the net-to-gross of the interval in which it is preserved. This allows prediction of a probability distribution for fluvial sandbody width from one-dimensional vertical well data.
INTRODUCTION
An outcrop study of alluvial architecture was undertaken with the aim of gathering a 1 statistically relevant database of sandbody width and thickness measurements within a sequence stratigraphic context for the purposes of reservoir modelling. Approximately 250 sandbodies exposed in a 2 km long, 300 m high cliff section were measured in this study. The cliff section is located in the southwestern area of the Kaiparowits Plateau in southern Utah, USA (Fig. 1) . The stratigraphic section encompasses the Late Cretaceous (Turonian to Campanian, ) Straight Cliffs Formation. The cliff face was photographed and digitally interpreted. After length scale calibration of the interpretation, measurement of the sandbody dimensions could be automated using image analysis software. Sandbodies within the 3 uppermost members of this stratigraphic unit were measured.
The net-to-gross of the 15 m interval within which each sandbody is preserved was measured using a moving window average technique. From previously published sequence stratigraphic interpretations of the Straight Cliffs Formation ) and proposed models for alluvial sequence stratigraphy (Shanley & McCabe 1994; Dalrymple et al. 1998) it is obvious that, on a large scale, net-to-gross can be used as a proxy for sequence stratigraphic position. It can be shown that the transgressive systems tract sandbodies are generally of lesser lateral extent than more extensive lowstand and, possibly, highstand systems tract sandbodies. Also, sandbodies in the transgressive systems tract are preserved in lower net-to-gross intervals and are thus more isolated, or less well connected, in terms of reservoir volumes. Lowstand and highstand sandbodies occur in higher net-to-gross intervals and are consequently better connected in terms of reservoir volume. The aim of this method is the three-dimensional prediction of sandbody size and geometry from typical one-dimensional subsurface data.
Applying the outcrop data to the subsurface is done by taking well data -here gamma-ray logs calibrated to core logs -from the Early Jurassic Statfjord Formation of the northern North Sea. The net-to-gross of specified intervals in the wells is calculated and any sandstones within that interval are assigned width (or lateral extent) probability fields derived from statistics measured in the outcrop study. Three wells have been used from the Statfjord Formation, with one well from each of the Brent, Statfjord and Snorre fields (Fig. 2) , to illustrate various styles of fluvial architecture. From high net-to-gross intervals in the south (Brent and Statfjord fields) to the low net-to-gross intervals in the north (Snorre Field) the outcrop database provides some quantitative probability of sandbody extent away The lithology can then be taken to be that encountered in the cliff-face exposure. These pseudo-wells are the source for the quantitative information discussed later. Dark shading is non-reservoir, light shading is reservoir facies.
from the well in a direction perpendicular to palaeocurrent. This has implications for the lateral, as well as vertical (when the results of several local wells are combined), connectivity and reservoir communication.
The statistical database from the outcrop study can be applied easily to any subsurface dataset that can be described as a suitable analogue.
The Straight Cliffs Formation
The exposure of the Straight Cliffs Formation at Blue Cove in the southwest of the Kaiparowits Plateau was chosen for this study because of its large scale, relatively clean outcrop and orientation with respect to palaeocurrent (Figs 3 & 4) . At a large scale, the cliff orientation means that any error in measuring sandbody widths, or lateral extents due to the cliff not being orthogonal to palaeocurrent direction, was minimized. At the scale of the individual sandbody, minor errors will develop, due to the specific palaeocurrent direction of that particular sandbody with respect to the cliff-face orientation. The Straight Cliffs Formation is composed of four lithostratigraphic members at Blue Cove (Peterson 1969) . These are, in ascending order, the Tibbet Canyon Member, the Smoky Hollow Member, the John Henry Member and the Drip Tank Member.
The Straight Cliffs Formation is of Late Cretaceous age and represents a progradational phase of development of the western margin of the Cretaceous Interior Seaway of North America. The initial stratigraphic framework for the Straight Cliffs Formation was established by Gregory & Moore (1931) and elaborated on by Peterson (1969) . The sequence stratigraphic framework for the Late Cretaceous of the Kaiparowits Plateau was developed by Shanley (1991) and Shanley & McCabe (1991) . Figure 4 illustrates the sequence architecture of the Straight Cliffs Formation, from upstream in the southwest to downstream in the northeast.
Within the Straight Cliffs Formation, four sequence boundaries are identified (Shanley & McCabe 1991) , with their corresponding sequences distinct from the lithostratigraphic members of Peterson (1969) . These sequence boundaries have been traced up depositional dip from the eastern, more coastal, areas of the Kaiparowits Plateau. The lowermost surface is the Tibbet Canyon Sequence Boundary which separates overlying fine-grained fluvial and tidal deposits from underlying swaley and hummocky cross-stratification. The Tibbet Canyon Sequence Boundary lies within the lithostratigraphic Tibbet Canyon Member and erosional relief on this surface can be up to 10 m. The degree of facies tract dislocation has led Shanley & McCabe (1991) to interpret this surface as a relatively minor sequence boundary.
The second sequence boundary is the Calico Sequence Boundary, which lies within the lithostratigraphic Smoky Hollow Member. It separates overlying coarse-grained and pebbly sandstones and conglomerates from underlying finegrained siltstones, sandstones and carbonaceous shales. The coarse material overlying the sequence boundary is interpreted to be of braided-fluvial origin, whilst the underlying material is interpreted as coastal plain deposits of the underlying sequence. Shanley (1991) describes this surface as a major facies tract dislocation and, consequently, a major sequence boundary, brought about by a late Turonian base level fall. also equate this surface with deposition of the Ferron Sandstone to the east of the Kaiparowits Plateau.
The third sequence boundary is the A Sandstone Sequence Boundary, which occurs within the lithostratigraphic John Henry Member. This unconformity separates overlying amalgamated fluvial sandstones in the western area of the plateau, from fine-grained alluvial siltstones, sandstones and tidally influenced strata. The fourth sequence boundary of is the Drip Tank Sequence Boundary. This distinctive surface occurs at the base of the prominent cliff-forming multistorey/multi-lateral sandstone at the top of the Kaiparowits Plateau. The Drip Tank Sequence Boundary separates coarse-grained and pebbly braided river deposits above from underlying fine-grained alluvial strata, crevasse splay complexes and coal-bearing strata.
For detailed descriptions of the sequence stratigraphy readers are referred to Shanley (1991) , Shanley & McCabe (1991 , 1994 , Shanley et al. (1992) and Hettinger et al. (1993) .
Statfjord Formation
The fluvial strata of the Statfjord Formation were deposited between end Triassic and early Jurassic times in the Viking Graben of the Northern North Sea. The medium-to coarsegrained channel sandbodies form prolific reservoir intervals in several North Sea fields, among them the Brent (Block 211/29), Statfjord (Blocks 33/9 and 33/12) and Snorre fields (Blocks 34/4 and 34/7). The Statfjord Formation was initially defined as a lithostratigraphic unit by Bowen (1975) and was subsequently subdivided into three formal members, termed the Raude, Eiriksson and Nansen in ascending stratigraphic order, by Deegan & Scull (1977) . Knox & Cordey (1993) upgraded the Nansen Member to Formation status to reflect its distinct sedimentological character and shallow marine origin from the rest of the underlying fluvial Statfjord Formation. 10% of sandbodies less than width 20% of sandbodies less than width 30% of sandbodies less than width 40% of sandbodies less than width 50% of sandbodies less than width 60% of sandbodies less than width 70% of sandbodies less than width 80% of sandbodies less than width 90% of sandbodies less than width 100% of sandbodies less than width 0-10% 91-100% Fig. 9 . Cross-plot of sandbody width against 15 m interval net-togross, for the 256 sandbodies measured in the Blue Cove exposure. Dominant sandbody architectures are low net-to-gross with low sandbody width, and high net-to-gross with high sandbody width. The data lines indicate, within a 15 m interval having a net-to-gross of X, the probability of sandbodies being less than width Y in size.
For example, the circled data point indicates that within a specified 15 m interval which has a 45% net-to-gross, there is an 80% probability that any sandbody encountered within that interval is 870 m, or less, in width. Fig. 10 . Cross-plot of the cumulative percentage of sandbodies against sandbody width. For any given 15 m interval having a net-to-gross as specified in the legend, the percentage of sandbodies Y, is less than width X. For example, the circled data point indicates that within any specified 15 m interval having a net-to-gross of between 20 and 30%, there is a 72% probability that any sandbody in that interval is 300 m or less in width.
The Statfjord Formation is interpreted as a graben-axial fluvial system orientated generally north-south in the Northern North Sea area. The most recent work indicates that the system flowed from north to south (Dahle et al. 1997) , being sourced by northern cratons, although occasional palaeocurrent reversals are thought to have occurred. The lowermost unit, the Raude Member, is a relatively low net-to-gross interval, containing medium-to coarse-grained, isolated sandstones, within palaeosol and mudstone complexes. The Eiriksson Member has a higher net-to-gross and, in general, is probably slightly coarser grained. These two stratigraphic units are separated by the 'D' Shale, which is a regional pressure 'baffle' (Struijk & Green 1991; MacDonald & Halland 1993; Morton & Berge 1995) and is interpreted to represent a single genetic unit, although autocyclic processes may cause it to exhibit distinct features at different places in the basin. The evolution of the different architectural styles, between the Lower and Upper Statfjord Formation, most likely occurred due to changing accommodation space brought about by a change in the allocyclic controls of the depositional system (Dalrymple et al. 1998) .
No outcrop analogue can match any subsurface reservoir perfectly. Indeed, every depositional system is distinct. In this study the Straight Cliffs Formation was considered as an appropriate analogue to the Statfjord Formation, for illustrating the prediction of sandbody width in the subsurface, due to the number of similarities between them. These similarities include:
+ formation thickness; + the presence of immature to mature soil complexes; + both aggradationally and erosionally dominated intervals; + low and high net-to-gross intervals; + varieties of fluvial depositional units (thick, braided sandbodies in high net-to-gross intervals, and thin, possibly meandering, sandbodies in low net-to-gross intervals);
+ the presence of incised valleys and their depositional elements, such as central basin facies, bayhead deltas, coals and downstream shoreface units; + soft sediment deformation; + similar bedform types, in both coarse-and fine-grained units.
METHOD
The large-scale outcrop showing the various styles of alluvial architecture is located in the southwest of the Kaiparowits Plateau, in the Blue Cove area. A photo-mosaic of this exposure was generated and a digital interpretation made of the lithofacies. For simplicity, these were restricted to reservoir and non-reservoir facies -approximating to the net-to-gross ratio (Fig. 5) . A series of vertical 'pseudo-wells' were taken through this outcrop, which allowed the outcrop to be viewed from the perspective of the one-dimensional data most commonly encountered in reservoir development.
Using image analysis software, the sandbody widths and thicknesses were measured. A problem arises when measuring sandbody widths because smaller, isolated channel sandbodies located within relatively low net-to-gross intervals may be different in geometry and dimension to the sandbodies identified in relatively high net-to-gross intervals (Fig. 6) . These high net-to-gross intervals may consist of small channel sandstones, similar to those seen in the low net-to-gross interval, which have amalgamated, or different, larger channel sandstones which have amalgamated. To aid the gathering of these quantitative data, the widths and thicknesses of sandbodies were measured. No genetic implication is attached to the word sandbody here, as a sandbody may be a single channel unit in a low net-to-gross interval, or a large suite of amalgamated Fig. 11 . A vertical line of lithology data (equivalent to a 'pseudo-well') is taken from the Blue Cove cliff face, and sandbody widths are predicted using the '60% less than' criterion (which equates to 40% greater than widths) and the probability fields collated from the entire cliff face, shown in Figures 9 & 10. Predicted sandbody widths can be seen to approximate to actual widths in the cliff-face. channel units in a high net-to-gross interval. Here, the term sandbody equates with 'discrete bodies of reservoir facies'.
The sandbody widths from these data were collated with the net-to-gross of the vertical interval within which the sandbody is preserved. Four interval sizes were analysed (10 m, 15 m, 21 m, and 29 m) for each sandbody. The results for each of the interval sizes were similar and, consequently, only the 15 m interval is examined in this paper. The interval net-to-gross value for any particular sandbody is a function of the interval size and the specific style of fluvial architecture (itself a function of sequence stratigraphic controls) at that level in the stratigraphy. With over 250 sandbodies measured from the outcrop, this database allows the development of probability fields for the prediction of lateral extent of any sandbody given the net-to-gross of the interval within which it is located. In summary, sandbody width perpendicular to palaeocurrent direction can be estimated from the one-dimensional lithology data typical of field development wells.
RESULTS
Of the 256 sandbodies measured, widths, or lateral extents, range from less than 20 m to over 1300 m, thicknesses from 1 m to 20 m and aspect ratios (w/t) from 6 to 225. Net-to-gross of the 15 m interval within which the sandbodies are located ranges from less than 5% up to 100%. Figure 7 illustrates the three gamma-ray logs from the Brent, Statfjord and Snorre fields. A shale line is also illustrated which has been calibrated to core. This defines discrete sandbodies in each of the wells. The log section shown represents a broadly correlatable stratigraphic interval in the Statfjord Formation. Three very distinct styles of fluvial architecture are readily identified from these logs. Well 211/29-C16 from the Brent Field demonstrates a moderate to high net-to-gross within this 100 m interval. Sandbodies are separated by subaqueously derived shales and palaeosol complexes. Well 33/12-B39 from the Statfjord Field illustrates a higher net-to-gross interval than the Brent Field, showing more amalgamation of individual sandbodies and erosion of shales or palaeosols. Well 34/7-7 is dominated by finer-grained material in the form of palaeosol complexes, with only a few sandbodies contributing to the relatively low net-to-gross value.
The various styles of fluvial architecture which can be derived from a cross-plot of sandbody width against the net-to-gross of the interval within which the sandbody is located are illustrated in Figure 8 . The high net-to-gross, low sandbody width scenario is uncommon; however, the other cases are well represented in the geological realm. Data from the outcrop suggest architectural geometries which range from the low sandbody width and low net-to-gross system, to the high sandbody width high net-to-gross system. Occasional instances of high sandbody width and low net-to-gross architecture are also identified in the outcrop. Figure 9 shows the Fig. 12 . Sandbody width probability logs defined by applying the outcrop probability statistics to the Statfjord Formation gamma logs. For every occurrence of sandstone in the subsurface wells, net-to-gross is calculated for the surrounding 15 m interval and assigned a probability field, as shown. Legend shows percentage less than width X. This corresponds with (100-percentage) greater than width X. For example, the circled data point indicates that there is an 80% probability that that particular sandbody is less than 380 m in width.
data from the Blue Cove outcrop, showing a clear relationship between the probability of a sandbody width and the interval net-to-gross value (for a 15 m interval size). Data on this graph indicate that, within a 15 m vertical interval of net-to-gross X, the percentage of sandbodies shown (by the data lines) within that interval is less than the width Y. The same data can be plotted differently, as shown in Figure 10 . From this graph, within any vertical 15 m interval, which has a net-to-gross (%) as shown in the graph legend, the percentage of sandbodies less than any given width can be determined.
The data in Figures 9 & 10 allow probability fields for the prediction of sandbody width to be determined from one-dimensional well data. This allows prediction of threedimensional fluvial architecture, given some prior understanding of the fluvial system's palaeocurrent orientation. To illustrate the application of the outcrop data, the probability fields illustrated in Figure 9 and Figure 10 have been used to build 'sandbody width probability logs' for the well data illustrated in Figure 7 . Figure 11 illustrates how a vertical section taken of the cliff-face, containing lithology data, can be used to predict sandbody widths, or lateral extent, when combined with the width probability logs of Figures 9 & 10. The sandbodies shown in Figure 11 represent a 60% probability of sandbody width being that size or smaller and, consequently, a 40% probability that a sandbody is greater than the width shown. The sandbody widths that are predicted closely approximate to the actual widths seen in the cliff face, validating the application of the probability fields to subsurface lithology data from analogous depositional environments.
Sandbody width probability logs are illustrated in Figure 12 and show the three wells in the Statfjord Formation where, instead of the gamma-ray log, there is a probability field plotted against each of the depths where sandstone occurs. As previously described, the vertical distribution of sandbodies identified in the North Sea wells differ markedly from one another. The probability fields, derived from the outcrop data, indicate radically different three-dimensional sandbody architectures for the three wells. As an example, the circled data point in well 33/12-B39 (Fig. 12 ) tells us that there is an 80% chance that this particular sandbody is less than approximately 350 m wide in a direction perpendicular to palaeocurrent. This equates to there being only a 20% chance that this sandbody is greater in width than 350 m, given the analogous quantitative outcrop dataset. . Statistical probability fields are applied to the gamma logs in the Statfjord Formation wells, where the '60% less than' division is used as a criterion for defining sandbody size in this figure. The sandbody sizes illustrated here represent 60% probability that sandbodies are this size or smaller. There is also a 40% probability that the sandbodies are greater than the illustrated size.
Taking the '60% less than width' boundary as an arbitrary criterion for defining sandbody width, well 211/29-4 from the Brent Field, which has a moderate to high net-to-gross, can be seen to contain sandbodies ranging between 400 and 600 m in width. The same criterion defines sandbodies ranging between 400 and 800 m or 800 and 1000 m in width in well 33/12-B39 (the wider bodies can be seen in the cores of the high net-to-gross intervals), and sandbodies ranging between 200 and 300 m or 500 and 600 m in width in well 34/7-7.
The relationship between interval net-to-gross and the lateral extent of a sandbody (here the sandbody, or channel, width) away from the well seen in outcrop clearly has implications for the three-dimensional architecture in fluvial depositional systems. These types of sandbody width probability logs allow reservoir modellers to develop ranges of models to address concerns of best, optimum and worst case scenarios for the volumetric, connectivity, simulation and economic calculations which determine the production strategy for any field. Figure 13 illustrates how the statistical probability fields for the '60% sandbody width less than' criterion are applied to the gamma-ray log curves in the Statfjord Formation wells. The sandbody sizes illustrated in Figure 13 represent 60% probability that the sandbody at that particular level in the stratigraphy is this size or smaller. There is also a 40% probability that the sandbodies are greater than the illustrated size.
CONCLUSIONS
Three-dimensional sandbody architecture in the fluvial depositional environment can be quantitatively predicted by the application of the interval net-to-gross-sandbody width relationship. This allows development of quantitatively defined three-dimensional models from simple one-dimensional data, such as well logs.
These types of data should be utilized in the first stages of the fluvial reservoir modelling process, where sandbody, or channel, widths can represent one of the major unknowns in current reservoir models.
The outcrop data presented here can be used to develop best, optimum and worst case scenarios for sandbody architecture in depositional systems analogous to the Cretaceous Straight Cliffs Formation.
Outcrop studies are invaluable for the gathering of information to be used in analogue studies. However, the majority of these studies do not gather the quantitative information required by reservoir engineers. Analogue studies need to be tailored specifically for the gathering of types of data that directly address problems encountered in the reservoir modelling, reservoir simulation and consequent development.
The data presented here can be used in a number of ways, most notably in the definition of zones of wide connected sandbodies and zones of small isolated sandbodies. The width probability logs can then be used to provide a guide for the stochastic population of inter-well volumes between correlatable stratigraphic intervals encountered in contiguous wells.
